Non-native protein aggregation is a prevalent problem occurring in many biotechnological manufacturing processes and can compromise the biological activity of the target molecule or induce an undesired immune response. Additionally, some non-native aggregation mechanisms lead to amyloid fibril formation, which can be associated with debilitating diseases. For natively folded proteins, partial or complete unfolding is often required to populate aggregation-prone conformational states, and therefore one proposed strategy to mitigate aggregation is to increase the free energy for unfolding (DG unf ) prior to aggregation. A computational design approach was tested using human gD crystallin (gD-crys) as a model multi-domain protein. Two mutational strategies were tested for their ability to reduce/increase aggregation rates by increasing/decreasing DG unf : stabilizing the less stable domain and stabilizing the domain-domain interface. The computational protein design algorithm, RosettaDesign, was implemented to identify point variants. The results showed that although the predicted free energies were only weakly correlated with the experimental DG unf values, increased/decreased aggregation rates for gD-crys correlated reasonably well with decreases/increases in experimental DG unf , illustrating improved conformational stability as a possible design target to mitigate aggregation. However, the results also illustrate that conformational stability is not the sole design factor controlling aggregation rates of natively folded proteins.
Introduction
Non-native protein aggregation is a common problem for proteins of biotechnological interest, resulting in a loss of active protein, and impurities or potentially immunogenic species that must be highly controlled in commercial applications (Chi et al., 2003; Wang, 2005; Cromwell et al., 2006; Mahler et al., 2009; Weiss et al., 2009; Vázquez-Rey and Lang, 2011) . Non-native aggregation (hereafter referred to as aggregation) can be defined as the formation of high-molecular weight species involving non-native intra-(inter-)molecular contacts that are net irreversible unless exposed to extreme conditions, e.g. elevated temperature, pressure and/or denaturant concentrations (Foguel et al., 1999; Chi et al., 2003; Lefebvre et al., 2004; Meersman et al., 2006; Weiss et al., 2009) . Proteins that have undergone non-native aggregation often are observed to have increased levels of b-sheet secondary structures (Weiss et al., 2009) , such as the cross-beta amyloid structure commonly associated with many protein deposition diseases (Fink, 1998; Murphy, 2002; Rousseau et al., 2006) . Additionally, aggregation can induce undesired immune responses in patients (Rosenberg, 2003; Hermeling et al., 2004; Degroot and Scott, 2007; van Beers et al., 2011) . Thus, understanding the cause(s) of protein aggregation and deterring aggregate formation are of long-standing interest in biopharmaceutical development (Wang et al., 2001) .
The basic driving forces for non-native aggregation are the same as those for protein folding, such as maximizing the burial of hydrophobic residues, hydrogen bonding, obtaining favorable van der Waals contacts and minimizing steric clashes and loss of chain entropy (Fink, 1998) . Aggregation can proceed through partially or fully unfolded species formed along the unfolding pathway such as is depicted in the simplified diagram shown in Fig. 1 . Here N, I, U and A represent the native species, an aggregation-prone intermediate species, the fully denatured or unfolded species and finally the aggregated species, respectively. The conformational changes between N, I and U are reversible (denoted by double arrows) so long as the monomer does not proceed down the 'off-pathway' step of producing aggregates. The aggregates are net irreversible under the conditions they form, and so the step from I to A is shown with a single arrow. For concreteness, it is shown as I ! A, but in principle aggregates may also form via U; the states I and U are effectively indistinguishable for proteins that follow a simple two-state (un)folding pathway. Some degree of unfolding is needed so as to expose highly aggregationprone sequences or 'hot spots' that are otherwise buried in the folded state, and are typically hydrophobic with high propensities for b-sheet formation (de Groot et al., 2005; Pawar et al., 2005; Tartaglia et al., 2008) .
If the native state is multimeric, then I and/or U may, in principle, also involve more than one protein (Roberts, 2007) , but in the present case N, I and U involve only a single protein, and all assemblies of two or more proteins are lumped within A as a shorthand in Fig. 1 . The process of converting I or U to A actually involves multiple steps, but those often proceed much more slowly than unfolding. As a result, the steps prior to irreversible aggregate formation reach a local equilibrium or pre-equilibrium, and depend upon the concentration of 'reactive' or aggregation-prone monomers (i.e. the concentration of I and/or U in Fig. 1 ) (Andrews and Roberts, 2007; Roberts, 2007) . The coefficient k agg in Fig. 1 denotes the aggregation rate coefficient for the net process of converting the 'reactive' monomer species to the aggregated state. However, k agg values typically cannot be directly estimated in experiments because the intermediate species is too poorly populated and/or too intransient to allow the I ! A (or U ! A) 'reaction' to be monitored directly in experiments.
Observed rate coefficients (k obs )-e.g. those based on initial rates of overall monomer loss-can be determined experimentally but k obs effectively lumps together all processes involved in converting the native monomer (i.e. what is detected as monomer) to the aggregated state that is stable and quantifiable. That is, k obs includes the thermodynamic contributions from the process of converting N to I or U. As a result, changing the relative population of the monomeric intermediate(s) in the aggregation process (i.e. I and/or U) affects k obs by increasing/decreasing its value because of increasing/decreasing the concentration of the aggregation-prone species. Therefore, from Fig. 1 it is hypothesized that incorporating mutational design strategies aimed to improve the conformational stability of the native species, N, would also reduce k obs (Weiss et al., 2009) . Here, conformational stability is defined as the unfolding free energy (DG unf ) from a folded monomer to a partially or fully unfolded conformational state. Interestingly, changing DG unf to mitigate aggregation rates has been successful in choosing solvent conditions that alter DG unf (Sharma and Kalonia, 2003; Li et al., 2010; Sahin et al., 2010; Kamerzell et al., 2011) , although it is not clear that this mechanism always holds (Banks et al., 2012) , and doing so by modifying the protein sequence is a much less tested approach.
Investigators striving to improve protein conformational stability via mutational strategies have used rational or structurebased methods (Chrunyk and Wetzel, 1993; Wetzel, 1994; Lehmann and Wyss, 2001; Eijsink et al., 2004) , directed evolution techniques (Lehmann and Wyss, 2001; Eijsink et al., 2005) , as well as consensus design (Lehmann and Wyss, 2001; Forrer et al., 2004) . Directed evolution involves a substantial amount of time and experimental resources, while consensus design requires identification of many homologous proteins as well as criteria for selecting a specific variant when a clearly favorable option at a specific location is lacking (Bannen et al., 2008) .
There are examples where rational or structure-based mutational designs resulted in enhanced protein conformational stability (Williams et al., 1999; Gerk et al., 2000; Makhatadze et al., 2003; Schwehm et al., 2003; Eijsink et al., 2004; Berezovsky et al., 2005; Strickler et al., 2006; Goihberg et al., 2008; Fernandez-Lafuente, 2009; Melnik et al., 2012) . Some of these design strategies also resulted in slower aggregation (Ray et al., 2004; Sekijima et al., 2006; Logan et al., 2010) , and often involve multiple mutations to significantly alter aggregation rates. For many approaches there are at least two significant challenges to rational design: (i) the tertiary structure of the protein must be known and (ii) a reliable process must be determined for identifying the best variant(s) out of a large number of possibilities (Eijsink et al., 2004; Bannen et al., 2008) . Implementing molecular scale computational design methods Cellmer et al., 2007; Das and Baker, 2008; Saven, 2010) in conjunction with rational design strategies may address the latter of these challenges. There are many investigations and reviews where successes in computational protein re-engineering or de novo design have been established to improve the structure, properties and functions of proteins (Dantas et al., 2003; Schueler-Furman et al., 2005; Bratko et al., 2007; Shah et al., 2007; Das and Baker, 2008; Hu et al., 2008; Lu et al., 2009; Saven, 2010; Tian, 2010) . However, the application of such computational algorithms to controlling protein aggregation has been more limited thus far (Sahin et al., 2011; Miklos et al., 2012) . Furthermore, many of these studies selected variants using directed evolution (Wörn and Plückthun, 1998) or were based on experimental knowledge gathered from a posteriori investigations (Chrunyk and Wetzel, 1993) . In the present work, one goal was to test our approach based on only a priori computational predictions, with no a posteriori modifications of the algorithms to refine the predictions or success rate compared with experimental outcomes. As such, all protein variants discussed in this study were identified via computational tools prior to any variants being expressed or characterized experimentally.
RosettaDesign, the design module of the molecular modeling program Rosetta, has been used previously to successfully design globular proteins (Dantas et al., 2003; Sahin et al., 2011; Miklos et al., 2012) , enzymes (Jiang et al., 2008) , as well as protein -protein interfaces (Sammond et al., 2007) . RosettaDesign utilizes an energy function to estimate the change in DG unf (i.e. DDG unf ) for one variant versus another, assuming that the unfolded state is the same for both variants. In the typical nomenclature used for RosettaDesign calculations, the change in folding free energy (DDG f ) is reported rather than the change in unfolding free energy; these are related simply by a change of sign (DDG unf ¼ 2DDG f ). The algorithm calculates DDG f based on a balance of multiple contributions to conformational stability for a given sequence and structure. The energy function (Equation (1)):
is comprised of terms including attractive and repulsive Lennard-Jones potentials (E LJ ), the Lazaridis-Karplus implicit solvation model (E sol ) (Lazaridis and Karplus, 1999) , orientation-dependent hydrogen bonding potentials (E HB ) (Kortemme et al., 2003) , intramolecular disulfide bonding terms (E SS ), torsion potentials estimated from the backbone and side chain realignment (E tors ) (Dunbrack and Cohen, 1997) , an electrostatic term accounting for interactions of charged residues (E pair ) and a reference term (E ref ) unique to each of the 20 amino acids that is based on the statistical prevalence of different amino acids within experimental protein sequences (Hu et al., 2008) . Given a specific design command and starting structure, RosettaDesign will estimate the lowest energy score via Monte Carlo optimization with simulated annealing and search for amino acid sequences that pack well while avoiding steric clashes, burying hydrophobic residues and maintaining the hydrogen bonding network. Amino acid variants or rotamer realignments are then accepted or rejected based on a Metropolis criterion (Liu and Kuhlman, 2006) . In the present work, we first evaluated RosettaDesign, along with previously suggested physical metrics or filters (Sammond et al., 2007; Sahin et al., 2011) , to identify variants that could potentially reduce or increase the aggregation rates of a model two-domain protein by an increase or reduction of the conformational stability via point mutations at various locations within the protein structure. Two specific mutational strategies intended to reduce aggregation for such a multidomain protein were evaluated: (i) stabilizing the least stable domain and (ii) stabilizing the domain -domain interface. This was inspired by thermodynamic arguments (Brandts et al., 1989) for the folding stability of multi-domain proteins-specifically that stabilizing the domain -domain interface can force the less-stable domain to unfold less easily, analogous to how increasing the concentration of the ligand for a protein can increase the stability of its folded state (Schellman, 1975; Pace and McGrath, 1980) . Candidate point variants chosen from categories (i) and (ii) were characterized experimentally to determine their unfolding free energy and accelerated (high temperature) aggregation rate coefficients from initial-rate kinetics. This allowed a direct assessment of whether correlations between conformational stability and aggregation rates (Wetzel, 1994; Wörn and Plückthun, 1999) would hold, independent of whether RosettaDesign was able to accurately predict them.
The model protein chosen for this work was the 21 kDa (173 residue) human eye lens protein gD crystallin (gD-crys), a two-domain protein rich in antiparallel b-sheets arranged into four Greek-key motifs as depicted in Fig. 2 . Crystallins are expressed early in life and must remain soluble and transparent throughout an average human life span, indicating their extreme stability despite their high concentrations in the lens and continued exposure to environmental conditions that may induce aggregation (Kosinski-Collins and King, 2003) . When heated to induce aggregation under acidic conditions, gD-crys is known to form amyloid fibrils (Papanikolopoulou et al., 2008) , and in vivo is associated with cataracts (Pande et al., 2000; Jung et al., 2009) . Furthermore, several point variants within the gene sequence encoding gD-crys have been related to early-onset cataracts (Pande et al., 2000; Jung et al., 2009) . gD-crys is extremely stable under physiological conditions, but under acidic conditions it aggregates readily at somewhat elevated temperatures akin to those used for accelerated stability testing of pharmaceutical proteins (Papanikolopoulou et al., 2008; Sahin et al., 2011) .
Apart from its physiological importance, gD-crys also serves as an appealing model protein for investigating aggregation resistance in reference to multi-domain, natively folded proteins. The structure of the molecule belongs to the same superfamily as antibody-based pharmaceuticals that are also known to experience aggregation problems (Crabbe and Goode, 1995; Wang, 2005) . Furthermore, the aggregation and folding behavior of wild-type (WT) gD-crys have been extensively studied and are well established under various conditions, and the unfolding of the N-terminal domain (N-td) has been implicated as the key step in aggregation (Kosinski-Collins et al., 2004; Flaugh et al., 2005a Flaugh et al., , 2005b Flaugh et al., , 2006 Mills et al., 2007) .
Overall, the present work first allows testing of whether RosettaDesign along with previously proposed filtering metrics (see below) (Sammond et al., 2007) is able to accurately predict lucrative point variants of gD-crys that increase or decrease conformational stability. Second, it independently tests the hypothesis that conformational stability is a useful target in controlling aggregation rates by comparing experimental DG unf values via chemical denaturation with observed aggregation rate coefficients (k obs ) for WT and variants of gD-crys.
Materials and methods

Selection of candidate variants via RosettaDesign
The fixed backbone protocol in RosettaDesign 3.0 was utilized for identifying variants of human gD-crys ( pdb code: 1HK0) where only the side chains of each amino acid are permitted to move. First, large regions of the molecule such as the less stable N-td and the interface between domains were redesigned to assemble a list of potential variants. Three redesign runs were conducted for the N-td and the domain -domain interface, and afterward point mutation scans were tested for each site in the sequence that was identified in at least one of the three redesign runs conducted for each region of the protein structure. Those variants identified to potentially stabilize the N-td or interface region were then selected based upon energy scores estimating the change in folding free energies of the N-td (DDG N-td ) and the change in binding free energies (DDG bind ), respectively, for each variant relative to WT. Values for these parameters were estimated using Equations (2) and (3), respectively. DG bind values were determined by calculating the difference in the folding free energy of the entire molecular complex and the sum of the folding free energies for the isolated N-td and C-td (Equation (4)). As expected, if a given point variant was inserted into the N-td, the energy score for the C-td was zero and vice versa.
Candidate variants located within the N-td and predicted by RosettaDesign to improve DDG f relative to WT were first Fig. 2 . The crystal structure of gD-crys (PDB: 1HK0) illustrating the WT sites (spheres) from which candidate variants were selected for experimental characterization.
Conformational stability as a design target to control protein aggregation considered. In addition, candidate variants were screened by requiring them to not significantly diminish the stabilizing contributions from either hydrogen bonding (DE HB ) or Lennard-Jones (DE LJ ) energies within the overall energy score (DE LJ and DE HB 0.5). To help distinguish domain stabilizers from interface stabilizers, any variants within 4 Å of the interface between domains were required to favorably affect binding (DDG bind , 0) and favor stabilization at the interface over stabilization within the N-td (DDG bind DDG N-td ). An additional criterion required each mutated residue to possess partial solvent protection within the tertiary structure in order to better impact conformational stability (Sammond et al., 2007) . Five final variants predicted to improve conformational stability were chosen for experimental analysis, three as N-td stabilizers (H22T, C41T and M69Q) and two as interface stabilizers (M69F and M69Q). Three variants that were predicted to destabilize gD-crys were also selected as negative controls (S130H, S130P and M69W); for example, S130 variants were included that were predicted to have lower conformational stability, similar to what was found in previous work (Sahin et al., 2011) . None of the variants added or eliminated a disulfide bond, as WT gD-crys does not contain disulfides. Additional information regarding the command line or resfile syntax for RosettaDesign 3.0 is found in the Supplementary data.
Expression and purification of gD-crys gD-crys variants were expressed in E. coli and purified by metal affinity chromatography and dialysis using protocols similar to those previously described (Kosinski-Collins et al., 2004; Sahin et al., 2011) . The detailed protocols are provided in the Supplementary data.
Equilibrium chemical unfolding
Chemical denaturation experiments were performed using high purity urea (Fisher Scientific) or guanidine hydrochloride (GdnHCl) (MP Biomedical) as denaturants. For experiments conducted at pH values 3 and 7, samples of 0.2 mg/ml WT or gD-crys variants were prepared in 50 mM citrate buffer or 50 mM phosphate buffer, respectively, and then diluted 10-fold in samples containing denaturant concentrations ranging from 0 to 5 M urea or GdnHCl. Samples were incubated for 24 h at room temperature to ensure equilibrium had been reached. Fluorescence data were collected at room temperature using a Jobin Yvon Horiba FluoroMax-3 Spectrofluorometer. Excitation and emission slit widths of 1.0 and 2.0 mm, respectively, were used along with an excitation wavelength of 295 nm, and emission intensity was recorded for wavelengths between 310 and 450 nm. Equilibrium unfolding experiments were performed at room temperature, as they could not be practically performed at temperatures close to those used for aggregation measurements, as aggregates formed irreversibly during the time needed for sample preparation and fluorescence measurements at those temperatures. The ratio of baseline-corrected emission intensities at 360 and 320 nm was used for analysis to estimate unfolding thermodynamics. To estimate thermodynamic parameters, all equilibrium unfolding data were globally regressed to a two-state unfolding model using MATLAB software, based on the observation that only a single sigmoidal transition was apparent in all measurements, and similar to that observed previously for WT gD-crys ( 
Isothermal aggregation and analysis using size exclusion chromatography
Aggregation of WT and gD-crys variant species was monitored as a function of incubation time at a constant elevated temperature of 508C using samples with an initial protein concentration of 1 mg/ml in 50 mM citrate buffer, pH 3. At these conditions, gD-crys aggregates grow without the formation of insoluble precipitates, the conformational stability of gD-crys is reduced, and thus aggregation occurs much more easily than at physiological pH or at lower temperatures (Papanikolopoulou et al., 2008; Sahin et al., 2011) . Incubation was conducted in upright, hermetically sealed, deactivated borosilicate glass high-performance liquid chromatography vials (Waters) in a water bath with negligible temperature variability. Individual samples were removed at various incubation times and immediately placed in an ice water bath to quench further aggregation. Doing so effectively arrested monomer loss on multi-day time scales, as evidenced by a lack of changes in monomer concentration and overall chromatograms for quenched samples that were re-analyzed days later.
Aggregated samples were analyzed using size exclusion chromatography (SEC) with a mobile phase comprised of 0.5% phosphoric acid, adjusted to pH 2.7 with 5 M NaOH and operated at 0.8 ml/min, as developed previously (Sahin et al., 2011) . Sample volumes of 100 mL were injected into a TSKgel Guard SWxl column attached in series with a TSKgel G2000SWxl analytical column (Tosoh 7.8 Â 30.0 cm, 5 mm) connected to a Waters Alliance 2695 separation module and SpectraSystem UV1000 (ThermoSeparation Products) for separation and detection via UV absorbance at 280 nm. Monomer and oligomer peak areas were estimated using Empower software (Waters). For some variants, there was measurable ( a few percent) soluble dimer in the samples before being incubated at elevated temperature, making the initial monomer percentage ,100 (cf., Supplementary data).
Monomer fraction over the first 10% loss of monomer was fit to a straight line to determine the initial rate and the corresponding rate coefficient (k obs ) for a given variant, with the exception being WT (which reproducibly provided more material during expression). Due to limited sample availability for the variants, statistical uncertainties in k obs values were taken as the same as for WT, which were determined as a combination of variability between multiple (n ¼ 6) experiments and the 95% confidence intervals from the regression itself. This was taken as a conservative estimate of the uncertainties in k obs for the variants, as these were larger than those obtained from the particular fits to the smaller datasets for the variants. This is also more conservative than what is in common practice in the literature, where error bars are reported only as standard deviations.
Results
Evaluating predicted variants the N-td versus the domaindomain interface
The DDG f values estimated by RosettaDesign for gD-crys when including a completely redesigned N-td (220 kcal/mol) or domain -domain interfacial region (210 kcal/mol) were significantly improved compared with WT. Figure 3A shows the energy scores estimated by RosettaDesign plotted against the sequence position for the residues that were mutated during these redesign runs, as well as those variants that passed the filtering metrics described above (refer also to a colored version of Fig. 3A in Supplementary Fig. S1 ). The N-td redesign runs resulted in 48 out of 85 possible residues being mutated, compared with 29 out of 39 possible residues being mutated during the domain-domain interface redesign. Forty-six percent of the mutated residues from the N-td redesign runs passed the filtering metrics compared with only 34% from the interface redesign runs.
Empirically, the filtering metric regarding the LennardJones contributions was empirically more selective (i.e. eliminated more potential variants identified from the redesign runs) compared with metrics placed on the overall energy score or the hydrogen-bonding contribution. Figure 3A also shows each variant that was indicated in the redesign runs after the filtering metrics had been applied. Further, Fig. 3A shows that significantly fewer variants were predicted to be viable once the filtering metrics were applied, and more variants from the N-td design run were retained compared with those variants identified from the domain-domain interface design run.
The lower energy score and the higher percentage of residues passing the filtering metrics for gD-crys with a redesigned N-td suggested that stabilizing the N-td is more likely to be the lucrative strategy. This strategy was also supported by previous work that indicated that unfolding the N-td led to a highly aggregation-prone conformational state (Flaugh et al., 2005a) . However, the relatively small number of interface variants that were retained may also be a result of an inherently stable interface region between the two domains; this is consistent with the effectively two-state unfolding behavior for this two-domain protein, with three-state behavior recovered only when the interface is mutated to destabilize it (Brandts et al., 1989; Plückthun and Pack, 1997; Wörn and Plückthun, 2001; Flaugh et al., 2005a Flaugh et al., , 2005b Flaugh et al., , 2006 . Figure 3A shows that the majority of the variants identified by these redesign runs have improved energy scores ranging from 21.5 to 0 kcal/mol (in terms of RosettaDesign scale for scores) when a given mutation was inserted into the protein sequence one at a time. Similar magnitudes have been reported in the literature for point variants identified by RosettaDesign that were experimentally determined to be conformationally stabilizing (Sammond et al., 2007) .
Additionally, Fig. 3A shows various regions of the sequence that contain groups of variants that passed the filtering metrics (shown by the filled blue circles in Supplementary data) compared with other regions of the sequence. For instance, groups of variants with a range of favorable energy scores are found to occur between Residues 15 -25 and 70-80 on the N-td. Interestingly, some variants that passed the filtering metrics were also observed to be spatially grouped in the N-td of gD-crys crystal structure, as illustrated in Fig. 3B (refer also to a color version of Fig. 3B in Supplementary Fig. S2 ).
Selection of the candidate variants by RosettaDesign
Guided by RosettaDesign, candidate variants populating the two defined mutational strategies were chosen for experimental evaluation. Figure 2 depicts the location of each variant site within the tertiary structure of gD-crys. Values for DDG f , and DDG bind estimated by RosettaDesign and calculated using Equations (2) and (3), respectively, for each variant relative to WT are listed in Table I . Predicted values for DDG N-td are also listed in Table I for each variant, and are defined as change in the (2) and (3), respectively, based on predictions from RosettaDesign 3.0 along with DDG N-td (DDG C-td ) values estimated for only the N-td (C-td) of gD-crys. Illustration of the two-domain gD-crys crystal structure using space filling spheres (PDB: 1HK0; the darker gray spheres on the left, C-td shown by the lighter gray spheres on the right). The legend above depicts those variants that were identified by RosettaDesign in both the N-td and domain-domain interface design runs, but not passing filter metrics as well as those passing filter metrics described in the main text. Spatial patches of variants that passed the filtering metrics can be observed.
Variant
energy score of only the N-td domain relative to WT N-td. The columns in Table I correspond to the overall change in relative conformational stability, and the contributions from the different domains and the interface, as predicted by RosettaDesign. For example, the variants H22T, M69Q and C41T were all identified by RosettaDesign to better stabilize the N-td vs. the interface, relative to the WT (denoted by negative DDG N-td values in Table I ) and were selected as N-td stabilizers. Negative (positive) values in Table I indicate a stabilizing (destabilizing) effect as predicted by RosettaDesign. Inspection of Table I shows the range and relative magnitude of the different contributions for different variants. S130 variants are the only ones that show changes in the C-td because S130 is the only residue in the table that lies in that domain. Quantitative differences in the energy scores were observed for some variants when compared with previous work (Sahin et al., 2011) . This is a result of updates to the energy function that were applied in the more recent version of RosettaDesign used here.
Equilibrium chemical unfolding
The conformational stability of WT and each gD-crys variant was quantified experimentally by performing equilibrium chemical denaturation experiments using intrinsic tryptophan fluorescence spectroscopy to monitor protein unfolding as a function of increasing denaturant concentration. Denaturation curves were constructed by plotting the ratio of fluorescence intensities (FIs) at 360 and 320 nm versus denaturant concentration at pH 3 ( Fig. 4A -D ) and pH 7 (Fig. 4D) . Here, 320 and 360 nm are the wavelengths of maximum fluorescence of gD-crys at zero denaturant (folded state) and at high denaturant concentration (unfolded state), respectively. Urea was used for experiments conducted at pH 3, while the stronger denaturant, GdnHCl, was needed for experiments conducted at pH 7 since previous studies showed that urea was incapable of unfolding gD-crys because of the high stability of this protein under physiological conditions (Flaugh et al., 2006) . Unfolding data displayed a single sigmoidal transition for WT and all gD-crys variants (Fig. 4A and B) . Thus, the data were fit with a two-state unfolding model to quantify the apparent thermodynamic parameters such as the Gibbs free energy of unfolding in the absence of denaturant, DG8 unf , the corresponding m-value, as well as the mid-point unfolding concentration of denaturant, C mid . The fitted curves from the two-state unfolding model are also shown in Fig. 4 , while Table II lists the fitted parameters including 95% confidence intervals from nonlinear regression. These are denoted as only apparent thermodynamic parameters because the limitations of the assay may preclude the observation of folding intermediates I, simply based on the reporter groups that are probed by the fluorescence assay. Furthermore, an isosbestic point was not observed in the fluorescence spectra vs. [denaturant] for any variants tested, indicating that partially unfolded intermediate species may be present, but in too low of a concentration to quantify. The fluorescence spectra as a function of [urea] for WT gD-crys are shown in Supplementary Fig. S3 as an illustrative example, and are similar to those observed previously (Flaugh et al., 2005a (Flaugh et al., , 2005b (Flaugh et al., , 2006 Sahin et al., 2011) and observed here for each variant (not shown). This is also consistent with previous work focused on mutations at the interface of gD-crys (Flaugh et al., 2005a) . For WT gD-crys, I and U are populated essentially simultaneously because disruption of the domain -domain interface occurs along with unfolding of both domains, resulting in apparent two-state unfolding behavior (Flaugh et al., 2005a (Flaugh et al., , 2006 .
Stabilizing or destabilizing effects of the different point variants can be observed by shifts in the unfolding transitions to higher or lower denaturant concentrations, respectively (cf .  Table II) . Differences in the mid-point denaturant concentration (C mid ) were more pronounced than DG8 unf values between WT and variants because of the inherently larger error involved in the extrapolation to zero molar denaturant that is required to estimate DG8 unf values.
Differential scanning calorimetry (DSC) was considered as a possible complement to chemical unfolding for determining unfolding thermodynamics. However, as is common with proteins that undergo non-native aggregation, heating results in increases of unfolded or partially unfolded monomers that then aggregate on the time scale of the measurements unless high concentrations of urea or guanidine are present to destabilize the aggregates. Examples of DSC scans for WT and other gD-crys variants are shown in Supplementary Fig. S4 ; however, all DSC experiments were net irreversible due to aggregation during heating, and therefore were not usable for reliable estimates of unfolding free energies. Figure 5 summarizes the results from Fig. 4 and Tables I and II for pH 3 conditions. Figure 5A shows the experimental values for the unfolding free energy extrapolated to zero denaturant, compared with the Rosetta energy score for a given variant. Figure 5B shows the analogous results in terms of the experimental mid-point urea concentration for unfolding. As noted above, the statistical uncertainties in Fig. 5B are smaller than those in Fig. 5A , due to the need for extrapolating to zero urea in the latter case. That notwithstanding, the correlation between the RosettaDesign predictions and either experimental C mid or DG8 unf values is qualitative at best, with low correlation coefficients (R 2 ) in both cases. The results in Fig. 5 show no clear pattern regarding which design strategy was more effective experimentally. Depending on which experimental metric of conformational stability one uses (C mid or DG8 unf ), one reaches different conclusions. For example, based on DG8 unf values there were five variants (H22T, L53E, M69F, M69Q and M69W) that had slightly improved stability compared with WT, and four (C41T, S130H, S130P, and S130T) that had reduced stability. However, based on C mid values only H22T had significantly improved stability relative to WT, with all other variants, except M69Q and M69F showing significantly reduced stability compared with WT. The only variant that consistently showed greatly improved experimental stability compared with WT was H22T. ), respectively). Both panels have dashed lines on the x-axis at zero and on the y-axis at the experimental DG8 unf or C mid value of WT gD-crys as guides to the eye for parity with Fig. 6 . Table II . Summary of experimentally observed thermodynamic and aggregation parameters for WT gD-crys and each variant. Thermodynamic parameters were estimated by fitting denaturant-induced unfolding data with a two-state unfolding model. Unless specified, thermodynamic parameters were estimated at pH 3. Unfolding experiments were also conducted at pH 7 for H22T and WT (Fig. 4D) to probe whether the stability changes related to H22T were charge related. The difference between C mid values for H22T compared with WT (Table II) evident under acidic conditions was not as pronounced at physiological pH. This indicates that a charge change may be responsible for the added stability under acidic conditions that is not present under physiological conditions because of the intermediate pK a value of histidine. The underlying energy function for RosettaDesign is based on neutral pH conditions, and is not readily altered to account for acidic pH conditions such as those needed here. As such, it is not surprising that the predicted change in conformational stability for H22T was much less accurate, relative to the experimental results at pH 3, when compared with pH 7.
As noted above, RosettaDesign estimates conformational stability changes only under physiological conditions. This was a practical limitation of available algorithms, as common practice is to focus only on physiological pH. In the present study, for H22T the charge state of the native His will change from neutral ( pH 7) to charged ( pH 3) for the WT His, but will be neutral at both pH values after conversion to Thr; a similar but reversed scenario exists for S130H. For the other variants, the differences in pH were anticipated to be minimal, although not necessarily negligible, as the mutations do not involve charge changes. While the shifts in pH that change the charge state of residues other than mutated sites could, in principle, alter the folded structure of gD-crys, previous work indicated that no measurable perturbations to the folded structure occur under acidic versus neutral conditions (Papanikolopoulou et al., 2008; Sahin et al., 2011) , and our fluorescence measurements did not show any differences between folded variants and folded WT gD-crys, except for the expected case (M69W) where a tryptophan residue was added.
Isothermal aggregation rates
Aggregation rates of WT and gD-crys variants were compared using SEC in terms of the observed aggregation rate coefficient, k obs , estimated from linear interpolation at early time points. The experiments were conducted at pH 3 and 508C to access reasonable experimental time scales, and for comparison to earlier results (Sahin et al., 2011) . Under these conditions, aggregates of WT and gD-crys variants remained soluble as determined by the lack of particulates visualized after isothermal incubation and an effectively constant area under the combined peaks of the SEC chromatograms (illustrative chromatograms shown in Supplementary Fig. S5 ). Aggregation studies were not conducted under neutral pH conditions because the extreme stability of gD-crys under these conditions requires impractical temperatures ( 1008C) to be used to induce aggregation. Table II lists the estimated k obs values along with the corresponding time, t 10 , defined as the time associated with the loss of the first 10% of monomer for each variant and WT. Supplementary Figure S6 displays the monomer fraction remaining over longer incubation times. Inspection of Table II shows that only H22T (S130H and M69W) had greatly reduced (increased) aggregation rates compared with WT. An exception was S130P (see the Discussion section below). While qualitative differences were observed for the other variants, the k obs values were relatively close to that for WT.
k obs values vs. conformational stability A hypothesis of this study was that favorable or unfavorable changes in conformational stability, resulting from a point mutation, would decrease or increase the observed aggregation rate coefficient, respectively. Figure 6 quantitatively compares the natural log of k obs for each protein variant and WT against the experimentally determined DG8 unf and C mid values ( Fig. 6A and B, respectively) . The one data point that is not shown in Fig. 6A and B is that for S130P, which does not aggregate on time scales on the order of days at these conditions (Sahin et al., 2011) , and therefore is off scale on this plot. In Fig. 6 , linear regression of ln k obs vs. experimental DG8 unf and C mid provides improved correlations compared with Fig. 5 (see the Discussion section). . The natural log of the observed aggregation rate coefficient for each variant (k obs ) plotted against (A) the experimentally determined DG8 unf values or (B) the experimentally determined or C mid values. Each variant is represented by a data point and the variants are divided into two groups. Filled, circular data points represent the variants identified by RosettaDesign to stabilize either the N-td or the domain-domain interface. Open square data points represent C41T and other S130 variants discussed in the main text; S130P not shown, as it is off scale (large negative ln k obs ). The figure is divided into four quadrants each containing mutations with varying conformational stability and aggregation behavior. Data points in Quadrants I and IV support the conclusion that aggregation rate and conformational stability are well correlated. Error bars on the y-axis represent +25% of the k obs value for each variant, which was determined to be a conservative estimate of the error based on multiple WT aggregation kinetic experiments, and assuming 95% confidence intervals.
Discussion
The results in Fig. 5 indicate that the computational predictions provided only qualitative guidance as to the best variants to improve the conformational stability of gD-crys at acidic pH. Neither computational design strategy showed an advantage over the other in terms of greatly improved experimental stability for gD-crys and its variants. Despite the lack of good agreement between the predictions and the experiment, the comparison between experimental aggregation rates and experimental conformational stability (Fig. 6 ) indicated qualitatively and semi-quantitatively that altering experimental conformational stability via mutations is a potentially useful strategy to control aggregation. However, outliers such as S130P and those in Quadrant II in Fig. 6A illustrate that a decrease (increase) in conformational stability does not always lead to an increase (decrease) in aggregation rates.
It has been previously recognized that changes in formulation or process conditions (Remmele et al., 1999; Webb et al., 2001) can reduce protein aggregation for a given protein. On the other hand, modifying the protein itself is an orthogonal engineering approach to address the problem of aggregation. Previous investigators have tried to correlate aggregation behavior with conformational stability for variants obtained from large-scale screening (Chrunyk and Wetzel, 1993; Plückthun, 1998, 1999) . For instance, the relationship between conformational stability and the temperature at the onset of aggregation for point variants of interleukin-1b showed a strong linear correlation (Chrunyk and Wetzel, 1993 ). An interesting outlier, K97V, in the same study possessed increased conformational stability but a lower aggregation temperature relative to WT (Chrunyk and Wetzel, 1993) . Another study reported a similar trend between conformational stability and aggregation temperature with a polysaccharidebinding single-chain antibody Plückthun, 1998, 1999 ). An outlying variant that was conformationally stabilizing but exhibited a lower aggregation temperature than WT was also found (Wörn and Plückthun, 1999) .
Non-native aggregation is affected by many of the same physical driving forces as folding, such that aggregation is highly suppressed at high chemical denaturant concentrations (Orsini and Goldberg, 1978; Hamada et al., 2009) , by analogy to what occurs in folding (Pace, 1986; Pace et al., 1989) , but for aggregation those forces drive polypeptide sequences from neighboring proteins to assemble (Fink, 1998; Caflisch, 2006) . Therefore, attempting to alter contributions to DG8 unf by mutation might also be expected to affect aggregation. The similar underlying physics of folding and aggregation suggests that optimizing both simultaneously might be a more worthwhile approach than optimizing them serially or individually.
Previous work indicated that S130 lies within a 'hot spot' stretch of amino acids that is predicted to be prone to forming amyloid-like inter-protein b-sheet structures. The available algorithms for predicting such 'hot spots' do not provide an energy score or other comparable quantitative descriptors to the Rosetta calculations in Fig. 5 . As such, they provide a qualitative indication of whether an amino acid stretch is, or is not, statistically likely to be aggregation prone when compared with databases of natively disordered polypeptides. S130P and S130H are expected to be less aggregation prone (lower intrinsic aggregation propensity (IAP)) because of lower likelihood of forming strong inter-protein b-sheet contacts within aggregates, and vice versa for S130T. In this context, IAP is expected to be sensitive to changes in strong, attractive or repulsive interactions between amino acids on neighboring proteins as the molecules assemble into aggregates (i.e. the process of shifting from I or U to A in Fig. 1) . Figure 6A and B shows the gD-crys S130 variants in terms of open square symbols, to distinguish them from the other variants discussed above (represented by filled circle symbols). C41T is included in the same group as the S130 variants as it was also estimated to alter the IAP of gD-crys by a consensus of PASTA, AGGRESCAN and TANGO. Additional details regarding these predictions from these algorithms are the same as those described in previous work (Sahin et al., 2011) . Figure 6A and B is divided by a dotted vertical line and a horizontal line that intersect at the WT data point (triangle symbol) to create four quadrants that represent regions that represent a balance of conformational stability and other contributions such as IAP. For instance, Quadrant II (or IV) contains mutations that are conformationally stabilizing but increase (or decrease) the k obs value of the variant relative to WT. Quadrant I (or III) contains mutations that are conformationally destabilizing but increase (or decrease) the observed k obs value of the variant relative to WT.
If changes in conformational stability had a dominant effect on the k obs values, then all variants theoretically should lie in either Quadrant I or IV. This is nearly the case in Fig. 6B where S130P is the only variant located in Quadrant III (not visible on the scale of the plot), supporting the conclusion above that improving conformational stability is a viable target to decreasing protein aggregation. Figure 6A shows some variants located in Quadrants II and III, but this is mitigated somewhat by the larger statistical uncertainties in the DG8 unf values, compared with the C mid values.
Interestingly, S130P was the only variant to show reduced aggregation rates from among those that were expected to have decreased IAP. However, it is not clear whether this is simply a result of inaccurate IAP prediction algorithms, as there are currently no experimental means to robustly quantify IAP independently from other contributions to k obs . Therefore, it is not possible to conclusively state that IAP was actually altered in S130H or S130T. That notwithstanding, these variants were among those with significantly reduced conformational stability and clearly showed higher aggregation rates (Quadrant I in Fig. 6A and B) , supporting the conclusion that targeting conformational stability is a useful approach to design/mitigate non-native aggregation rates. S130P and the examples from the literature described above offer caution that conformational stability should not be the sole focus when designing proteins to resist aggregation while maintaining proper folding. Because of the inherently large statistical uncertainties in unfolding free energies that are extrapolated to zero denaturant concentration, the mid-point unfolding concentration of denaturant(s) may be a more useful experimental guide for improving aggregation resistance.
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